Abstract Cell growth and proliferation are controlled through different posttranslational modifications including demethylation, a process regulated by the demethylase enzymes. This review focuses on our current understanding of functional and therapeutic potentials of histone demethylases in colon cancer. Colon cancer is the third most common malignancy worldwide and the second leading cause of cancer deaths in the USA. The key protein families responsible for demethylation of histones, histone demethylases, have emerged as new therapeutic targets in different cancer types including colon cancer. These families are of great interest as potential novel biomarkers for diagnosis and targets for therapy and prevention of colon cancer. In this manuscript, we will discuss our current understanding of the histone demethylase family and the role they play as epigenetic activators or repressors of different genes in colon cancer.
Introduction
Chromatin is a complex of proteins (histones or nonhistone) with DNA wrapped around it in the eukaryotic cells.
Modifications of histones and DNA by methylation alter the physiological phenomena of cells [1] . These modifications are mentioned as epigenetic alterations, and this facilitates the transcriptional activity of gene expression due to different signals inside or outside of cells and in turn strengthens chromatin architecture. Some alterations of histones either by acetylation or by phosphorylation are highly vibrant, whereas others such as histone methylation could be more robust. Histone lysine methylation is stable, and its aminomethyl group is difficult to split from the N-CH 3 bond. The enzymatic reaction demonstrated that it would remove a histone lysine methyl mark to generate an epigenetic mark. There are significant discoveries in the field of epigenetics including the innovation of histone lysine demethylase [2] .
Histone Lysine Demethylases
Genetic information is stored in chromatin, and this preserves the pattern of gene expression [3] . Histone lysine methylation has been shown to be a stable chromatin modifier that together with DNA methylation describes epigenetic alterations [3] . After the discovery of histone lysine demethylases, its epigenetic potential for histone lysine demethylation has been demonstrated to remove methyl marks in reversible manner [3] . This activity of histone lysine methyl marks does not change the epigenetic alterations. All histone lysine methylation residues are reversible and play important roles in establishing cellular entity. The methylated histone lysine residues have been labeled as epigenetic marks due to their stable entity [3, 4] . The enzyme cannot cleave the N-CH 3 bond directly but induces amine oxidation of methylated histone H3 lysine 4 (H3K4) to generate unmodified lysine and formaldehyde (Fig. 1a, b ). This is a plausible mechanism with solid in vitro evidence using recombinant enzyme and various histone peptides, where conversion of the substrates is detected by mass spectrometry. Oxidation of aminomethyl requires the cofactor flavin adenine dinucleotide (FAD) and protonated nitrogen (Fig. 1a) and therefore can only attack mono-or dimethylated lysines. The reaction is not matched with trimethylated H3K4 or with any trimethylated lysine substrate. The enzyme is specific for the methylated H3K4, Fig. 1 a Lysine-specific demethylase (LSD) catalyzes demethylation of histone. These enzymes are responsible for an FAD-dependent activity that implicates at least one atom of hydrogen on the amine group of lysine suggesting the activity of these enzymes on the mono-and dimethylation of lysine. b Jumonji domain demethylase protein (JHDM/JMJD) catalyzes demethylation of dimethylated histone. These enzymes are dependent on oxygenase activities which are capable of adding a hydroxyl group to methyl group in lysine residue in an α-ketoglutarate (α-kg) and Fe++ dependent manner during the conversion of α-kg into succinate and CO 2 followed by spontaneous release of formaldehyde. c Model of involvement of demethylases in transcriptional regulation of metastatic and tumor suppressor genes. Closed chromatin or heterochromatin regulated by LSD1 is responsible for tumor suppressor gene silencing and metastatic aggressiveness, whereas open chromatin or euchromatin re-expresses tumor suppression genes and activation of apoptosis-inducing factors for growth inhibition only in lysine residue. The enzyme, called lysine-specific demethylase 1 (LSD1), has extensive sequence homology to metabolic FAD-dependent amine oxidases but contains a nuclear localization signal (NLS) and a SWIRM domain that can be found in chromatin-associated proteins. LSD1 with HDACs is a component of CoREST and other co-repressor complexes, some of which silence neuronal genes in nonneuron cells [5, 6] . Knocking down LSD1 in HeLa cells results in increased H3K4 dimethylation at endogenous target promoters of several neuron-specific genes concomitant with their transcriptional upregulation [3] .
The discovery of H3K4 demethylation by the amine oxidase family member LSD1 has significantly changed the concept of this field [2] . This enzyme removes with remarkable specificity one or two methyl groups from H3K4 (H3K4me1/2) but cannot remove trimethylated H3K4 (H3K4me3). LSD1 was also demonstrated to demethylate H3K9 (H3K9me1/2) upon interaction with the androgen receptor [7] . It was proposed that another family of proteins containing Jumonji C (JmjC) domains demethylates histone lysine residues [8] , and an activity called JHDM1A that specifically catalyzes demethylation of H3K36 (H3K36me1/2) has been purified [9] . The same group has purified a homologous JmjC protein that demethylates H3K9me2 resulting in unmodified H3K9 [10] . Moreover, various JMJD2 proteins were found to antagonize H3K9me3 and H3K36me3 biochemically and in vivo, resulting in H3K9me1/2 and H3K36me1/2, respectively [11] . The mammalian Jmj protein family is large. The identification of histone lysine demethylases raises the possibility that all three degrees of methylation at these sites could be reversible. Histone demethylases should be particularly active during dynamic transitions in transcriptional regulation, such as at early stages of lineage commitment, thereby facilitating developmental plasticity of stem cells [3, 4] . There are also mitotically stable repressive histone lysine modifications, such as H3K9 and H4-K20 trimethylation at pericentric heterochromatin and persistent H3-K27 trimethylation at the inactive X chromosome (Xi) [12] . Very early during X inactivation, H3K4 trimethyl is converted to dimethyl and then monomethyl in a process that would be incompatible with histone cleavage or exchange. A specific histone lysine dioxygenase or hydroxylase can selectively remove H3K4 trimethylation. Similarly, there is very rapid DNA demethylation of 5-me CpG sites of the paternal genome immediately after fertilization [13, 14] . It has also been proposed the involvemnet of activation-induced deaminases (Aid) in the conversion of CpG to thymine [15] .
The discovery of histone lysine demethylases has been demonstrated to impact the epigenetic alterations of histone lysine methylation [3] . Demethylation of histone lysine residues does not change the fact that some methylation marks seem to be very stable and exhibit low turnover. The expression and/or activity of histone lysine demethylases must be tightly regulated in differentiated cells [3] . Secondly, there is accumulating evidence that DNA methylation is reversible yet its epigenetic potential is not in dispute. DNA methylation is dependent on histone lysine methylation in various cases [16] . Therefore, histone methylation marks may influence epigenetic status indirectly by regulating DNA methylation. Histone lysine demethylase can stably bound to chromatin for preserving demethylated state [3] . There is significant evidence that one methyl mark by itself might have only a limited cellular entity. H3K9me3, for example, originally considered a hallmark of constitutive heterochromatin, was recently reported to be present at actively transcribed genes. Therefore, although H3K9me3 by itself might not correlate directly with transcriptional state, in combination with other histone marks, it might still donate to the final results. For histone lysine methylation, there are three methylation states including mono-, di-, and trimethylation. Although amine oxidation and subsequent demethylation by LSD1 reflect a specific and genuine reversion to an unmodified histone lysine residue, it is only compatible with mono-and dimethylation (Fig. 1a) . Since dimethylation is converted to the ground state, LSD1 appears to be an enzyme that cannot remove trimethyl groups from modified lysine positions [3] . For this reaction, probably more potent enzymatic mechanisms are required. Oxidative demethylation or hydroxylation by radical reaction involving Fe(II)-and α-ketoglutarate-dependent dioxygenases [3, 8, 17] could represent these missing enzymes. They would have the potential to disrupt histone lysine trimethylation by direct oxidation of the methyl carbon, resulting in an unmodified lysine position and formaldehyde (Fig. 1b) . Until a decade ago, histone methylation was believed to be a stable modification that was only erased upon histone exchange or during DNA replication. However, this notion changed following the demonstration that lysine-specific demethylase 1 (LSD1) catalyzes the demethylation of H3K4me1 and H3K4me2 [18•] . Subsequent studies led to the identification of a family of LSD enzymes containing the catalytic Jumonji C (JmjC) domain [18•] . Demethylating enzymes have now been characterized for most of the well-studied methylated lysines [18•] . Demethylation could, in certain circumstances, impose memory on gene transcription, and this could be a potential example of heritable epigenetic control where open chromatin or closed chromatin regulated by these histone lysine demethylases possible controls cellular signaling molecules such as tumor suppression, growth potential, and apoptosis (Fig. 1c) .
Cancer is one of most complicated diseases characterized by an abnormal and uncontrolled growth of cells that causes the formation of cellular masses and production of localized tumors. The different types of cancer affect about 13 million people worldwide and cause death of 8 million people annually [19••] . Cell growth and proliferation are controlled through post-translational modifications particularly by demethylations that are tightly regulated by the enzymes demethylases These modification marks primarily localized at histone tails to regulate transcriptional machinery in cancers [20, 21] . This review focusses on our current understanding of functional and therapeutic potentials of histone demethylases in colon cancer.
Histone Demethylases and Colon Cancer
Colon cancer is the third most common malignancy worldwide [22] and the second leading cause of cancer deaths in the USA [22] . Drug resistance following recurrence and metastasis are the leading cause of death among colon cancer patients. Epithelial-mesenchymal transition (EMT) is now considered to be one of the initial and necessary steps in the metastatic cascade. During EMT, epithilial cells attain fibroblast-like charcetristics following loss of cell polrity, reduction of intercellular adhesion and increased motility and invasive properties [23••, 24] . Transcription factors, such as snail, slug, zeb1, zeb2, and twist, can stimulate EMT by suppressing E-cadherin expression [23••, 25-28] and consequently contribute to cancer metastasis.
Lysine-specific demethylase 1 (LSD1), the first discovered histone demethylase, is required for Snail/Slug-mediated transcriptional repression during EMT; in the absence of LSD1, Snail and Slug fail to repress E-cadherin transcription [23••, 29-31] . The Snail/Gfi-1 (SNAG) domain of Snail/Slug accumulates a histone H3-like structure and interacts with the LSD1-CoREST complex and brings this complex to its targeted gene promoters through the binding of the E-box through the zinc-finger motifs [29, 31] . The LSD1/CoREST complex functions as a reversible nanoscale binding clamp and recruits and anchors a variety of substrate peptides with high sequence similarity to the H3-histone tail [23••, 30, 32, 33] . As a lysine-specific demethylase belonging to the flavindependent amine oxidase family, LSD1 specifically catalyzed the demethylation of mono-and dimethylated histone H3 lysine 4 (H3K4) and H3 lysine 9 (H3K9) through a redox process (Fig. 1a) . Overexpression of LSD1 promotes proliferation, migration, and invasion of various cancer cells [33, 34] , and knocking down of LSD1 with small-interfering RNAs (siRNAs) resulted in suppression of proliferation and metastasis of various cancer cells [23••, 35, 36] . Previous studies [23••, 37] have shown that LSD1 had significantly higher expression, in contrast to the significantly lower expression of E-cadherin 1, in colon cancer at high tumor-nodemetastasis (TNM) stages [23••] and with distant metastasis. Positive expression of LSD1 and negative expression of Ecadherin possibly suggest a worse prognosis of colon cancer. LSD1 may stimulate metastasis of colon cancer by decreasing the level of dimethylated histone H3 lysine 4 (H3K4m2) at the E-cadherin promoter and repressing E-cadherin transcription, which requires confirmation by further in vitro experiments. LSD1 was expressed significantly higher in colon cancer with higher TNM stages and distant metastasis. Inhibition of LSD1 impairs proliferation and invasiveness and induces apoptosis of colon cancer cells in vitro [37] . LSD1 downregulates the Ecadherin expression and contributes to metastasis of colon cancer.
As a member of the monoamine oxidase (MAO) family, LSD1 catalyzes the specific demethylation of both mono-and dimethylated lysine 4 (K4) or lysine 9 (K9) of histone H3 (H3K4me1/2 or H3K9me1/2) via a process that requires flavin adenine dinucleotide (FAD) as an essential redox cofactor [42] [43] [44] [45] , and attributes the demethylation of H3K4me1/2. In contrast, when LSD1 interacts with androgen receptor (AR) or estrogen receptor (ER), it mediates the demethylation of H3K9me1/2 to promote transcription [2, 38••, 39] . In addition to histone substrates, LSD1 has also been shown to demethylate lysine residues at several nonhistone substrates, such as p53 [46] , DNA-methyltransferase 1 (DNMT1) [47] , E2F1 [48] , and MYPT1 [33] . The ability to regulate such a wide range of substrates has linked LSD1 to a broad spectrum of biological processes, including cell proliferation [38••, 49], chromosome segregation [50] , hematopoiesis [51] , spermatogenesis [52] , adipogenesis [53] , regulation of stem cell pluripotency [54] , and embryonic development [55] . The dysregulation of LSD1 activity has an important role in human tumorigenesis [33, 38••] , and studies have already been performed on breast cancer [56] , prostate cancer [57] , leukemia [58] , lung cancer [34] , bladder cancer [59] , neuroblastoma [60] , and colorectal cancer [38••, 61]. However, the role of LSD1 in colorectal cancer has not been clearly elucidated.
Dickkopf-1 (DKK1), a secreted protein, is known to be a negative regulator of the Wnt/β-catenin signaling pathway [38••] . This pathway plays an important role in developing and in regulating adult stem cell systems. A variety of cellular processes are mediated via Wnt/β-catenin signaling, such as proliferation, differentiation, survival, apoptosis, and cell motility [62] . Dysregulation of the pathway leads to tumorigenesis in several types of human cancers, including colorectal cancer [38••, [62] [63] [64] [65] [66] .
Both LSD1 and DKK1 are associated with tumorigenesis. It has been reported that LSD1 contributes to colorectal tumorigenesis by downregulating DKK1 [38••]. DKK1 plays a key role here to link LSD1 to the Wnt/β-catenin pathway and then to colorectal tumorigenesis [67] . In addition to its ability to repress the transcription of target genes via demethylation of H3K4 by interacting with a variety of molecular partners [ With respect to nonhistone JmjC substrates, mouse KDM6B interacts with p53 during neural stem cell differentiation and stabilizes p53 by demethylation, allowing its accumulation in the nucleus [68] . The K218 and K221 residues of the p65 subunit of the nuclear factor κB (NF-κB) may also be targets of KDM2A, which in this way negatively regulates NF-κB activity and transcription [26] . "Pan-histone lysine demethylase (KDM)" inhibitors can be obtained by coupling the chemical features of tranylcypromine, a known LSD1 inhibitor, with the 2,2′-bipyridine or 5-carboxy-8HQ scaffolds, two 2OG-competitive moieties developed for JmjC inhibition. Such compounds are able to inhibit LSD1 as well as JmjC enzymes while having little or no effect against other tested 2OG enzymes lacking KDM activity [68] .
It is also interesting that the tranylcypromine moieties act as covalently binding inhibitors, whereas the JmjC inhibitor scaffolds bind reversibly [69] . The application of such LSD/ JmjC hybrid inhibitors to cells enables simultaneous increases in levels of H3K4me2/3 and H3K9me2/3 as well as high growth arrest and apoptosis in HCT116 colon cancer cells, whereas the related family-specific single-target inhibitors were inactive. When tested in MePR noncancer cells to assess their differential toxicity, those inhibitors showed very low or no ability to increase the pre-G1 accumulation. It should be noted that since a single KDM may target multiple substrates, different biological effects depending on the context could manifest [69] .
JHDM2A/JMJD1A/KDM3A is lysine (k)-specific demethylase 3A that specifically demethylates Lys-9 of histone H3, thereby playing an important role in histone code. It demethylates preferably mono-and dimethylated residue while it has weak or no activity on trimethylated H3 on Lys-9. JHDM2A has been shown to be a novel prostatic marker in metastatic colorectal cancer cells that could be a promising therapeutic target for colon cancer [70•].
In another study, KDM6b/JMJD3 is induced by vitamin D and modulates its effect in colon cancer cells [71] . JMJD3/ KDM6B, another member of Jumonji family, specifically demethylates bi-and trimethylated Lys-27 residue of histone H3 [70•]. JMJD3 expression is induced by vitamin D metabolite 1a,25-dihydroxyvitamin D3 (1,25(OH)2D3), and JMJD3 modulates the gene regulatory action of this hormone. This compound activates JMJD3 gene promoter and increases the level of JMJD RNA in colon cancer cells [71] . JMJD3 knockdown upregulated the epithelial-to-mesenchymal transition inducers SNAIL1 and ZEB1 and the mesenchymal markers fibronectin and LEF1, while it downregulated the epithelial proteins E-cadherin, claudin-1, and claudin-7. JMJD3 knockdown abolished the nuclear export of β-catenin and the inhibition of β-catenin transcriptional activity caused by 1,25(OH)2D3 and increased the expression of EMT inducers and mesenchymal markers [71] . The expression of JMJD3 correlated directly with that of vitamin D receptor (VDR) and inversely with that of SNAIL1 in colon tumors. These results indicated that JMJD3 is a VDR co-target that partially mediates the effects of 1,25(OH)2D3 on human colon cancer. This study indicated that JMJD3 could be a target gene of 1,25 (OH)2D3 that in turn iteregrates with gene regulatory actions of vitamin D.
Few inhibitors targeting LSD1 and other FAD-dependent polyamine oxidases are available [19••] . The design of those inhibitors has been made on the basis of the mechanism of action of the enzymes. There are significant developments for identifying new potent inhibitors for LSD1 that inhibit LSD1 activity and also alter the growth of cancer cells [58] . Nanomolar concentration of phenocopied, a tranylcypromine analog and an inhibitor of LSD1, demonstarted proapoptotic activity including colon cancer cells [58] . Inhibition of LSD1 can increase the sensitivity for treatment with all-transretinoic acid (ATRA) in cancer [72] . All these information suggested that LSD1 is a key therapeutic target for colon cancer.
In addition, iron and α-kg-dependent JmjC families' histone demethylases are also important target for identification of small inhibitors to understand the basis for the mechanism of the activity of these enzymes. The most well-known inhibitor targeting α-kg is N-oxalylglycine [18•, 19••] . These types of α-kg inhibitors usually compete with 2-oxoglutarate and Fe(II) binding to the catalytic domains of Jumonji-containing domain of histone demethylases.
Conclusions
The catalytic domain of these enzymes is well characterized with both full-length protein structure of LSD family and some of the members of JmjC domain containing families. These domains have offered good understanding on mechanisms of enzyme activity and assisted in drug discovery. For better understanding on the biological role of KDMs, it will be plausible to use genetic models and study the effects of KDMs on cellular function, transcription, and localization of histone marks (Fig. 1c) . Deletion of multiple families of KDMs could be an important requirement to characterize the dynamics of KDM target genes in cancer. The generation of knockdown cells and knock-out animals should also provide better understanding in functional roles of KDMs in cancer progression and metastasis. Various KDMs from JmjC families are in preclinical studies in different types of cancer. In summary, this article emphasizes on understanding the functional and biological role of histone demethylases as epigenetic regulators in colon cancer.
